Dicer, an RNase III enzyme, initiates RNA interference by processing precursor dsRNAs into mature microRNAs and small-interfering RNAs. It is also involved in loading and activation of the RNAinduced silencing complex. Here, we report the crystal structures of a catalytically active fragment of mouse Dicer, containing the RNase IIIb and dsRNA binding domains, in its apo and Cd 2؉ -bound forms, at 1.68-and 2.8-Å resolution, respectively. Models of this structure with dsRNA reveal that a lysine residue, highly conserved in Dicer RNase IIIa and IIIb domains and in Drosha RNase IIIb domains, has the potential to participate in the phosphodiester bond cleavage reaction by stabilizing the transition state and leaving group of the scissile bond. Mutational and enzymatic assays confirm the importance of this lysine in dsRNA cleavage, suggesting that this lysine represents a conserved catalytic residue of Dicers. The structures also reveals a Ϸ45-aa region within the RNase IIIb domain that harbors an ␣-helix at the N-terminal half and a flexible loop at the C-terminal half, features not present in previously reported structures of homologous RNase III domains from either bacterial RNase III enzymes or Giardia Dicer. N-terminal residues of this ␣-helix have the potential to engage in minor groove interaction with dsRNA substrates.
Dicer, an RNase III enzyme, initiates RNA interference by processing precursor dsRNAs into mature microRNAs and small-interfering RNAs. It is also involved in loading and activation of the RNAinduced silencing complex. Here, we report the crystal structures of a catalytically active fragment of mouse Dicer, containing the RNase IIIb and dsRNA binding domains, in its apo and Cd 2؉ -bound forms, at 1.68-and 2.8-Å resolution, respectively. Models of this structure with dsRNA reveal that a lysine residue, highly conserved in Dicer RNase IIIa and IIIb domains and in Drosha RNase IIIb domains, has the potential to participate in the phosphodiester bond cleavage reaction by stabilizing the transition state and leaving group of the scissile bond. Mutational and enzymatic assays confirm the importance of this lysine in dsRNA cleavage, suggesting that this lysine represents a conserved catalytic residue of Dicers. The structures also reveals a Ϸ45-aa region within the RNase IIIb domain that harbors an ␣-helix at the N-terminal half and a flexible loop at the C-terminal half, features not present in previously reported structures of homologous RNase III domains from either bacterial RNase III enzymes or Giardia Dicer. N-terminal residues of this ␣-helix have the potential to engage in minor groove interaction with dsRNA substrates.
dsRNA processing ͉ RNA interference ͉ RNase III ͉ x-ray crystallography T he innate gene silencing mechanism of RNA interference (RNAi) is triggered by small dsRNAs (1, 2) . Fundamental roles of RNAi include defense against viruses (3), regulation of development (4) , and genome maintenance (5, 6) . The two major classes of small RNAs responsible for this mechanism are microRNAs (miRNAs) and small-interfering RNAs (siRNAs) (7, 8) ; both are generated by the riboendonuclease Dicer (9, 10) .
Dicer processes precursor miRNAs (pre-miRNA, generated by the riboendonuclease Drosha in the nucleus from the primary transcripts of miRNAs) and long dsRNAs (generated during viral infections or introduced experimentally into the cell) into mature miRNAs/siRNAs. It then loads the miRNA/siRNA into the Argonaute-containing RNAi effector complex RNAinduced silencing complex (RISC) (11) . The passenger strand of the miRNA/siRNA is cleaved by Argonaute and discarded (12, 13) ; the guide strand leads RISC to target mRNAs with sequence motifs complementary to that of the guide. The result is either mRNA degradation or translational suppression (10, 14) . Structures of Argonaute and related proteins have contributed to these insights into the mechanisms of Argonaute activities (for reviews see refs. 15 and 16 and references therein).
Dicer is an RNase III enzyme specific for dsRNAs. RNase III cleavage products contain 5Ј phosphate and 3Ј hydroxyl termini and a 2-nt overhang at the 3Ј end. Dicer products are also characterized by its discrete size of Ϸ21 nt (17) . RNase III enzymes can be divided into three classes (Fig. 1) . Class I enzymes, found in bacteria, bacteriophage, and fungi, contain a single RNase III domain and a dsRNA binding domain (dsRBD). Class II and III are characterized by Drosha and Dicer, respectively. Dicer is the most complicated RNase III enzyme that typically contains a DExD/H-box helicase domain, a small domain of unknown function (DUF283), a PAZ (Piwi Argonaute Zwille) domain, two tandem RNase III domains (RNase IIIa and IIIb), and a dsRBD. Some Dicer or Dicer-like proteins from lower eukaryotes have a simpler domain structure; for example, the Dicer protein from Giardia intestinalis contains only a PAZ and two RNase III domains (18) . Previous mutational and enzymatic studies on Escherichia coli RNase III and human Dicer had led to the ''single processing center model'' for RNase III cleavage (19) . This model centers on two RNase III domains forming a catalytic dimer: intermolecular homodimer for class I enzymes and intramolecular pseudodimer between RNase IIIa and IIIb domains for Dicer and Drosha. This dimerization creates a single processing center for dsRNA cleavage, with each RNase III domain cleaving one strand of the dsRNA. The distance between the two cleavage sites dictates the generation of the characteristic 2-nt 3Ј overhang. For Dicer, the distance between the terminus-binding PAZ domain and the RNase III domains determines the length of the cleavage product.
Two recent crystal structures have provided strong support of the single processing center model: Aquifex aeolicus RNase III enzyme bound to dsRNA cleavage products at 2.05-Å resolution (20) and Giardia Dicer at 3.33-Å resolution (18) . The structure of the Aquifex RNase III-dsRNA complex reveals that four patches of residues, termed RNA-binding motifs 1-4 (RBM1-RBM4), are involved in protein-RNA interaction. RBM1 and RBM2 are located in the dsRBD, and RBM3 and RBM4 are located in the RNase III domain. A flexible linker of 7 aa between the RNase III and dsRBD domains allows induced fit of the relative orientation of the two domains upon binding dsRNA. At each of the two active sites, the four conserved catalytic carboxylates (two aspartates and two glutamates) and several water molecules coordinate with one Mg 2ϩ ion. The role of the Mg 2ϩ is to activate a bound water molecule as the attacking nucleophile in the phosphodiester bond cleavage reaction. The structure of the Giardia Dicer confirms the intramolecular dimerization of RNase IIIa and IIIb domains and shows how the distance between the PAZ and RNase III domains matches the length of the Dicer cleavage product.
Despite much progress in understanding the molecular mechanism of the RNase III enzymes, many questions about their catalysis remain unanswered. Detailed mechanisms of the phosphodiester bond cleavage reaction are only partially understood, and the factors that stabilize the transition state and leaving group of the S N 2 (bimolecular nucleophilic substitution) reaction are not known. All but one of the published structures so far are limited to bacterial RNase III enzymes (20) (21) (22) (23) (24) and protozoan Giardia Dicer (18) . These proteins are simpler than Dicers from higher eukaryotes not only in domain composition but also in the corresponding RNase III domains. In a recent study (25) , a unique Argonaute-binding motif (Ϸ127 aa) within the RNase IIIa domain of human Dicer was identified. This motif is conserved in vertebrate Dicers, but not found in nonvertebrate Dicers. Structural studies of Dicers from higher eukaryotes are needed to gain insights into the mechanisms of these proteins in dsRNA processing and subsequent events of the RNAi pathway. While this manuscript was under review, a crystal structure of the RNase IIIb domain from human Dicer was published (26) . The domain forms a homodimeric structure mimicking the RNase IIIa and IIIb intramolecular interaction observed in the Giardia Dicer structure.
Here, we report the crystal structures of a Ϸ30-kDa Cterminal fragment of mouse Dicer, containing the RNase IIIb and dsRBD domains, in its apo and Cd 2ϩ -bound forms at 1.68-and 2.8-Å resolution, respectively. The apo protein structure represents the highest resolution structure available to date for both RNAi-related and RNase III-related proteins. Insights from these structures, combined with results from modeling, comparative sequence analysis, and mutational/enzymatic studies, identified a lysine residue (K1790) within the RNase IIIb domain of mouse Dicer as a critical element for dsRNA cleavage. The lysine residue is highly conserved among RNase IIIa and IIIb domains of Dicer proteins, and the RNase IIIb domains of Drosha proteins, suggesting its importance in mechanisms related to dsRNA cleavage in the RNAi pathways. The possible mechanisms for the involvement of this lysine residue in the phosphodiester bond cleavage reaction and other Dicer functions are discussed.
Results and Discussion
The Crystallization Construct of Mouse Dicer Is Capable of dsRNA Cleavage. The mouse Dicer construct in our study contains the RNase IIIb and dsRBD domains. Its sequence is 98% identical to corresponding human sequence. This construct is comparable to full-length class I RNase III enzymes in terms of domain composition ( Fig. 1 ). To test whether the construct is active in dsRNA binding and cleavage, we carried out in vitro dsRNA cleavage assays with a designed 52-nt stem-loop RNA containing a 24-bp stem capped by a GCAA tetraloop as the substrate. The construct is capable of Mg 2ϩ -dependent dsRNA cleavage, but is not very efficient compared with E. coli RNase III (Fig. 2) . We also note that whereas the mouse Dicer construct produces two major cleavage products (Ϸ26 and 30 nt), the E. coli RNase III enzyme produces only one (Ϸ26 nt). Studies on A. aeolicus RNase III enzyme (20) showed that a stem-loop RNA was cut on both strands of the stem region, producing a shorter stemloop RNA with a 2-nt 3Ј end overhang. The mouse Dicer construct and E. coli RNase III enzyme most likely perform similar modes of cleavage; the mouse Dicer construct might bind the stem-loop RNA in two different registration on the stem, resulting in two different cleavage products.
It is known that recombinant full-length human Dicer is an inefficient enzyme in vitro, requiring long digestion times (12-16 h versus 1 h by E. coli RNase III) for complete dsRNA cleavage (www.ambion.com/techlib/tn/103/6.html). The catalytic activity of the mouse Dicer RNase IIIb ϩ dsRBD construct is similar to that of the full-length Dicer, although its sequence and overall structure are comparable to those of bacterial RNase III enzymes (see following sections for details). Similarity between the Dicer RNase IIIb ϩ dsRBD construct and full-length Dicer protein in dsRNA cleavage activity suggests that some determinants for cleavage inefficiency may reside in the RNase IIIb and dsRBD domains.
The Structures Reveal a Symmetric Homodimer. Structures of the apo and Cd 2ϩ -bound forms of the protein were determined by single-wavelength anomalous dispersion and molecular replacement (using the apo structure as the search model), respectively [statistics for structure determination are summarized in supporting information (SI) Table 1 ]. Like bacterial RNase III enzymes (20) (21) (22) (23) (24) , the mouse Dicer RNase IIIb ϩ dsRBD construct exists as a symmetric homodimer (the dimer also exists in solution judged by gel filtration chromatography). The overall dimeric structure of the RNase IIIb domains, like the human Dicer RNase IIIb structure (26) , mimics the RNase IIIa-IIIb intramolecular pseudodimer observed in the structure of Giardia Dicer (18) . Structure of the RNase IIIb has an ␣-helical fold, and the dsRBD features two ␣-helices packed against one side of a three-stranded antiparallel ␤ sheet. The two domains are connected by a 5-aa linker (Fig. 3A) .
Dimerization is mediated mainly by antiparallel positioning of the ␣3-helices of the RNase IIIb domains, resulting in Ϸ1,817-Å 2 buried surface area. Hydrophobic interaction is the major driving force for dimerization. Two aromatic residues Phe-1690 and Tyr-1705, at either end of ␣3, participate in ''ball-and-socket'' interactions as the ball, inserting into a socket formed by side chains of the interacting partner (Fig. 3B) . The ball-and-socket interaction ensures an accurate alignment of the dimerized RNaseIII domains. Notably, Phe-1690 is within the RNase III signature motif that also harbors two of the conserved catalytic carboxylates (Glu-1689 and Asp-1693).
The distance between the two active sites (each in one of the dimerized RNase III domains) is critical for the generation of 2-nt 3Ј end overhang products characteristic of RNase III cleavage. Residues in the RNase IIIa domain that correspond to Phe-1690 and Tyr-1705 are Met-1307 and Phe-1322, respectively. Other residues involved in dimerization are largely conserved in the RNase IIIa domains, and the RNase IIIa and IIIb intramolecular pseudodimer of mouse Dicer should have similar dimer interface as the RNase IIIb homodimer.
The dimerization generates the catalytic valley for binding and processing dsRNAs. The two ␣3-helices constitute the floor of the valley. Helix ␣4 and the N-terminal portions of helices ␣5 and ␣7 form the ridges on either side of the valley. The molecular surface of the valley is predominantly negatively charged because of the presence of the four invariant catalytic carboxylates (Glu-1689, Asp-1693, Aps-1794, and Glu-1797) on either end of the valley (Fig. 3C ). In the apo structure, Glu-1689/Aps-1794/ Glu-1797 are involved in a hydrogen-bonding network with five water molecules and two side chains from nearby residues. Asp-1693 forms intermolecular hydrogen bonds with Arg-1720 from the partner subunit (Fig. 3D) . In the Cd 2ϩ -bound structure, each cluster of the catalytic carboxylates coordinates the binding of a Cd 2ϩ ion (Fig. 3C) . Because of the lower resolution of the structure and the bulky electron density of the Cd 2ϩ ion, the accurate active site structure could not be established in the complex structure. However, intermolecular hydrogen bonds between Asp-1693 and Arg-1720 are preserved. Distance between the two Cd 2ϩ ions at the two active sites is 21.5 Å. Taking into account that the metal ion is separated from the scissile phosphate by a water molecule (as the attacking nucleophile), this distance is optimal for each active site to cleave one strand of the dsRNA substrate at positions 2 bp apart from each other across the RNA helix (Fig. 3C) .
The RNase IIIb domain, in the absence of its native interacting partner (the RNase IIIa domain from the same molecule), self-associates to form a functional homodimer. Although the homodimeric structure of the RNase IIIb domains is not native, it is catalytically active. Because each of the two active sites in the processing center is largely defined by residues from one RNase III domain, insights gained from the current structures are applicable to the genuine catalytic mechanisms of mouse Dicer.
Comparison with Previous RNase III Structures. To identify unique features of mouse Dicer, we compared the present structures to two representative previous structures of the RNase III family: Aquifex RNase III in complex with dsRNA cleavage products (20) and apo Giardia Dicer (18) . Sequence of the mouse Dicer construct is comparable to the full-length Aquifex RNase III enzyme. Within either the RNase III or the dsRBD domain, most structural elements align quite well between the two structures (Figs. 4 and 5 A and B) , although the relative orientation between the RNase III and dsRBD domains is different. Model building studies suggested that the dsRBD as determined in the apo and Cd 2ϩ -bound structures would crash with dsRNA substrate (Fig. 3C) ; binding dsRNA therefore should require changes in the relative orientation between the two domains, as was seen in the Aquifex RNase III enzyme (20, 23) .
In Aquifex RNase III-dsRNA complex, four RNA binding motifs (RBM1-RBM4) were identified. RBM1 is the first helix, and RBM2 is the loop between strands ␤1 and ␤2 in dsRBD. Both RBM1 and RBM2 are shorter in mouse Dicer dsRBD (Figs. 4 and 5A ). This sequence difference might correspond to weaker interaction with dsRNAs by mouse Dicer dsRBD. Moreover, in the context of the full-length native Dicer, there is only one dsRBD available for binding dsRNA. In the structure of the Aquifex RNase III-dsRNA product complex, dsRBD plays a dominant role in recognition and binding of dsRNA because RBM1 and RBM2 account for two-third of the RNA-protein interactions (molecular contacts). Such a dominant role is not expected for the dsRBD of mouse Dicer in native Dicer-dsRNA interaction. It is known that in vivo function of human Dicer requires TRBP (HIV-1 TAR RNA binding protein), which contains three dsRBDs (27, 28) . It is possible that some of the dsRBDs from TRBP help Dicer in the recognition and binding of dsRNA substrates in vivo.
Comparisons between the two RNase IIIb domains from Dicers (mouse and Giardia) and the RNase III domain from Aquifex RNase III (Figs. 4 and 5B) reveal that mouse Dicer RNase IIIb shares more sequence/structure similarities with Aquifex RNase III domain than with the Giardia Dicer RNase IIIb domain. In the Aquifex RNase III domain, helix ␣4 was identified as RBM3 (20) . This motif is conserved in the other two RNase III domains (Figs.  4 and 5B). The most outstanding difference among the three RNase III domains is found within the sequence between helices ␣6 and ␣7. In the Aquifex RNase III domain, a short loop connects ␣6 and ␣7. This loop was identified as the RBM4 motif in the Aquifex RNase III-dsRNA complex structure. In Giardia RNase IIIb, a short connecting loop is also found between ␣6 and ␣7, although helix ␣6 is longer. In mouse Dicer RNase IIIb, the sequence between helices ␣6 and ␣7 is 35-38 residues longer than those in the other two structures. This region harbors an extra helix (␣6*) with five helical turns and a long loop. Density for a stretch of 17 residues within this loop was not observed, indicating high flexibility for this region (Figs. 4 and 5B).
A Unique Structural Motif Potentially Involved in Recognition and
Processing of dsRNA. The structural features we observed within the sequence between helices ␣6 and ␣7 in the RNase IIIb domain of mouse Dicer was also present in the human Dicer RNase IIIb structure (26) . The entire sequence between helices ␣6 and ␣7 is highly conserved among RNase IIIb domains of metazoan Dicers (SI Fig. 6 ). It may therefore represent a unique motif in RNase IIIb domains of Dicers from higher eukaryotes. To reveal possible roles of this motif, we modeled a mouse Dicer RNase IIIb-dsRNA complex based on the structure of Aquifex RNase III in complex with dsRNA cleavage products (20) . As shown in Fig. 5B , most structural elements of the RNase IIIb domain from mouse Dicer align with the RNase III domain from Aquifex RNase III enzyme. Overlaying the common backbone atoms of the four ␣-helices (␣3, ␣4, ␣5, and ␣7) that define the catalytic valley results in an rmsd of 0.56 Å. To build the complex model, we simply replaced the Aquifex RNase III structure with the aligned mouse Dicer RNase IIIb structure. This model has a high degree of credibility because of the high degree of similarity between the two dimeric RNase III structures. Of note, because the Aquifex RNase III-dsRNA structure is for a dsRNA cleavage product complex, the mouse Dicer RNase IIIb-dsRNA structural model should be closer to a product complex than to a substrate complex. In a substrate complex, the scissile bond should be positioned closer to the active-site residues of the RNase III domain (20) .
The residues at the N-terminal end of helix ␣6* insert into the minor groove of the modeled dsRNA (Fig. 5C) . Because of the rigidity of the helix, the residues involved in the minor groove interaction should be largely in place for the interaction before dsRNA binding. In contrast, the RBM4 loop in Aquifex RNase III required conformational changes to move into the minor groove of the dsRNA upon binding (20) . The model also reveals possible protein-RNA interaction in the major groove, with the side chain of Lys-1790 inserting into the major groove. Therefore, the sequence between helices ␣6 and ␣7 in mouse Dicer RNase IIIb may harbor a bidentate RNA binding motif that interacts with both the minor and major grooves of dsRNAs.
A Highly Conserved Lysine Plays a Critical Role in dsRNA Cleavage.
The possibility of Lys-1790 participating in dsRNA major groove interaction deserved further investigation. In the model structure, position of the Lys-1790 side chain is in close proximity to the scissile bond ( Fig. 5D ; because the model dsRNAs are cleavage products, the scissile bond is already cleaved). Starting from what is observed in the crystal structures, only slight changes in the side-chain orientation is needed to position the -amino group of Lys-1790 within hydrogen-bonding distance to the nonbridging phosphoryl oxygen and the O3Ј leaving group of the scissile bond (in Fig. 5D , the potential hydrogen bonds shown as yellow dotted lines between donor and acceptor heavy atoms are 2.7 and 3.4 Å, respectively). Moreover, Lys-1790 is located at the N-terminal end of helix ␣7, which also harbors two of the established catalytic carboxylates Asp-1794 and Glu-1797. Lys-1790, Asp-1794, and Glu-1797 are present on the same surface of helix ␣7 facing the dsRNA, approximately one helical turn apart from each other. This spatial arrangement places Lys-1790 and the cluster of catalytic carboxylates (E1689, D1693, Asp-1794, and Glu-1797) on opposite sides of the scissile bond phosphate. It is believed that a Mg 2ϩ ion coordinated by the four catalytic carboxylates activates a water molecule as the attacking nucleophile in the S N 2 phosphodiester bond cleavage reaction catalyzed by RNase III enzymes (20) . The interactions that stabilize the transition state and the leaving group are not known. The strategically important location of Lys-1790 makes it an excellent candidate for these jobs.
Essential involvement of a conserved catalytic lysine in phosphodiester bond cleavage reaction was documented for several phosporyl transfer enzymes, including bovine pancreatic RNase A (29) (30) (31) (32) , EcoRV endonuclease (33), human NM23-H2 (34) , Pyrus pyrifolia S 3 -RNase (35) , Rana catesbeiana (bullfrog) ribonuclease (36) , and E. coli DNA topoisomerase I (37). Of particular interest are mechanisms revealed by the crystal structure of R. catesbeiana ribonuclease (belongs to the RNase A family) in complex with a ssRNA substrate (36) . In the structure, a conserved catalytic lysine forms two hydrogen bonds with the nonbridging O 2 P phosphoryl oxygen (2.60 Å) and the O3Ј leaving group (3.02 Å) of the scissile bond. These interactions are strikingly similar to the model depicted in Fig. 5D for Lys-1790 in the mouse Dicer RNase IIIb domain.
Lys-1790 in the mouse Dicer RNase IIIb domain is conserved among the RNase IIIb domains of not only all known Dicer and Dicer-like proteins (Ͼ130 nonredundant sequence entries for many different species ranging from protozoan to human) but also all known Drosha proteins with available sequences (SI Figs. 7 and 8 ). This conserved lysine is also found in all but one of the RNase IIIa domains of Dicer and Dicer-like proteins (Lys-1543 in mouse Dicer RNase IIIa domain). When all available RNase IIIa and IIIb domains of Dicer and Dicer-like proteins are aligned (SI Fig. 7 ), Lys-1790 is one of the two highly conserved residues (the other being a glycine) close to the invariant catalytic carboxylates, suggesting possible involvement of this lysine in Dicer catalysis.
To assess the role of Lys-1790 in dsRNA cleavage, we prepared four mutants of the mouse Dicer RNase IIIb ϩ dsRBD construct with Lys-1790 replaced by Arg/Ser/Thr/Ala, respectively. In vitro assays show that mutation of Lys-1790 to any one of Arg/Ser/Thr/ Ala severely impaired dsRNA cleavage activity ( Fig. 2 ; the arginine mutant seems to have somewhat higher activity than the other three mutants), indicating that Lys-1790 is really critical for dsRNA cleavage activity of the mouse Dicer RNase IIIb ϩ dsRBD construct. Intriguingly, a serine or a threonine is found at an equivalent position in the bacterial RNase III enzyme from E. coli or A. aeolicus, respectively. Whereas the bacterial RNase III enzymes are very efficient in dsRNA cleavage, the K1790 to S/T mutations in the mouse Dicer RNase IIIb ϩ dsRBD construct dramatically lower the activity of an already very inefficient enzyme. These results suggest that discrepancies exist between Dicers and bacterial RNase III enzymes in certain aspects of the dsRNA cleavage mechanisms. For Dicers, a highly conserved lysine in the RNase IIIa and IIIb domains may play a critical role in the phosphodiester bond cleavage reaction. By forming two hydrogen bonds to the nonbridging phosphoryl oxygen and the O3Ј oxyanion leaving group of the scissile bond, the conserved lysine can stabilize the transition state and the leaving group. We showed that replacement of the lysine by an arginine, which should also have the potential to form similar hydrogen bonds, greatly reduces dsRNA cleavage activity (Fig. 2) . This observation suggests that effective neutralization of the developing negative charge of the transition state may require a concentrated localized positive charge, which cannot be provided by any other amino acids but lysine (38) .
We propose that the conserved lysine represents a catalytic residue in Dicers. Why would Dicers choose a catalytic lysine when other mechanisms of efficient dsRNA cleavage are available? A possible explanation is that the lysine may participate in other Dicer-specific functions besides dsRNA cleavage. It was suggested that the inefficiency of Dicer cleavage was at least partially caused by the association of Dicer with its dsRNA cleavage products (19, 39) . The ability of Dicer to remain bound to its cleavage product is presumably important for Dicer to escort the miRNA/siRNA to RISC and initiate the subsequent stages of the RNAi cascade. We noted that the inefficiency in dsRNA cleavage of the mouse Dicer RNase IIIb ϩ dsRBD construct is consistent with previous observation on recombinant full-length Dicer, suggesting that some determinants for cleavage inefficiency may reside in the RNase IIIb and dsRBD domains. It is possible that the conserved lysine remains hydrogen-bonded to the 5Ј phosphate on one strand and the 3Ј hydroxyl on the opposite strand of the cleavage product, thus contributes to retention of the dsRNAs.
Materials and Methods
Protein Preparation and Crystallization. The construct containing mouse Dicer RNase IIIb and dsRBD (residues 1638 -1899) was cloned into pET48b vector and overexpressed as a fusion protein (with a N-terminal thioredoxin-His6 tag removable by HRV 3C protease) in BL21(DE3) strain of E. coli. Expression was induced with 0.4 mM isopropyl ␤-D-thiogalactoside at 37°C for 3 h. Se-Metlabeled protein was prepared by using the same protocol as described (40) . After lysis by sonication, the overexpressed protein was purified by Ni-NTA resin. The tag was removed by HRV 3C protease, and the cleaved sample was purified by flowing it through a Ni-NTA column. Crystals for the apo proteins were obtained by hanging-drop vapor diffusion against 20 -26% PEG400, 100 mM Hepes (pH 7.0), at 22°C. To obtain the Cd 2ϩ -bound crystals, crystals of the apo proteins were soaked in crystallization buffer containing 5 mM CdCl2 for 24 h before data collection.
Data Collection, Structure Determination, and Refinement. Data collection was carried out at Beamlines 8.2.2 and 8.3.1 of the Advanced Light Source at Berkeley National Laboratory (Berkeley, CA). Diffraction data were integrated and reduced by using the program HKL2000 (41) . The selenium atoms were located by SOLVE (42) . Structure of the Cd 2ϩ -bound protein was determined by molecular replacement using Phaser (43) . The models was built by Coot (44) and refined with Refmac5 (45) to an R factor of 19.5% (Rfree ϭ 21.6%) for the apo structure and 26.5% (Rfree ϭ 32.5%) for the Cd 2ϩ complex. Detailed crystallographic statistics are in SI Table 1 . The figures were prepared with PyMOL (www.pymol.org).
In Vitro dsRNA Cleavage Assay. A 52-nt RNA containing a 24-bp stem and a GCAA tetraloop was produced in vitro by using a synthetic DNA template and T7 RNA polymerase. This dsRNA was used as the substrate. The actual sequence of the RNA is available in SI Fig. 9 . Two other RNAs of 36 and 24 nt, shown in Fig. 2 as size markers, were also prepared. RNA and protein were mixed and incubated at room temperature for a series of time lengths. All reactions contain 5 mM MgCl2 in the reaction mixture except for the control reaction in which no Mg 2ϩ was added. Cleavage reactions were analyzed by electrophoresis with 20% denaturing polyacrylamide gels. After ethidium bromide staining, the gels were visualized under UV. E. coli RNase III was purchased from New England BioLabs.
